The active Taiwan orogen is located between the Ryukyu subduction zone in the northeast and the Manila subduction zone in the south. Intensive collision from the northwestward motion of the Luzon Arc has induced enormous earthquakes in and around Taiwan. In this paper, we attempt to relate the occurrence of earthquakes in Taiwan to crustal magnetization. For that, we have inverted magnetic anomalies to obtain an equivalent crustal magnetization distribution in the Taiwan region. In general, high magnetization zones are considered as relatively rigid zones. In contrast, weak zones can be compressed as a result of lateral plate convergence, causing intensively crustal deformation and earthquakes. The Lukang Magnetization High (LMH), located in mid-west Taiwan, is suggested to dominate earthquake occurrence in middle Taiwan. Historically large earthquakes in Taiwan are mostly distributed around the eastern side of the LMH. If we take into account the northwestward convergence of the Luzon Arc or the Philippine Sea Plate, the area to the southeastern side of the LMH actually incubates more earthquake hazards. The crust of relatively low magnetization in mid-central Taiwan has been compressed and escaped sideward; intensive compression has also caused thicker crust and the depths of crustal earthquakes in middle Taiwan may be as deep as 40 km. Although both the eastern Central Range and the Luzon Arc show relatively high magnetizations, the Luzon Arc may be intrinsically less stable because of its younger and hotter nature; thus, the Luzon Arc has historically displayed severe internal deformation and produced numerous earthquakes as a result of plate collision.
INTRODUCTION
Great earthquakes usually occur at convergent plate boundaries. Two types of convergent boundaries are generally involved. The first one is associated with a subduction process where a plate subducts beneath another plate along a trench and earthquakes occur at the plate interface or a seismogenic zone, like the earthquakes off west Chile and off eastern Japan. Another type is related to a collision zone where a mountain belt may be created, like the Pakistan-Tibet region. However, the mechanism for the occurrence of great earthquakes is still not very clear, though it is frequently explained geometrically by a seismic gap or a seismic asperity (Scholz 1990 ). Here we attempt to relate the occurrence of earthquakes, especially great earthquakes, to crustal magnetization. To this end, we examine earthquakes and crustal magnetization distributed in the Taiwan mountain belt.
Taiwan is located between two subduction systems: the Philippine Sea Plate subducts northward beneath the Ryukyu Arc while the Eurasian Plate subducts eastward beneath the Luzon Arc (Ho 1988; Angelier 1990) (Fig. 1) . In between, the Taiwan mountain belt has been created by the collision of the Luzon Arc against the southeast Eurasian margin in the direction of ca. N310° (Seno 1977; Yu et al. 1997; Sibuet and Hsu 2004) , inducing numerous earthquakes in this region. In mid-west Taiwan, the occurrence of earthquakes and crustal deformation have been frequently linked to a pre-Miocene basement high called the Peikang High (e.g., Hu et al. 2001; Lin et al. 2003) (Fig. 1) . In this study, we will show that the existence of the Peikang High may not be so important. In contrast, we will demonstrate that one of the main factors dominating earthquake occurrence and crustal deformation in the Taiwan orogen is crustal magnetization. Terr. Atmos. Ocean. Sci., Vol. 19, No. 5, 445-450, October 2008 doi: 10.3319/TAO.2008 
EQUIVALENT CRUSTAL MAGNETIZATION
To understand the magnetic characteristics of the Taiwan area, we have conducted a magnetization inversion by using the magnetic anomalies of Hsu et al. (1998) and Wang et al. (2002) . The study region is divided into 6´6 km grids and we assume that the magnetic anomalies originate from an equivalent layer of constant thickness of 6 km. The magnetization direction is presumed to be the same as the present-day geomagnetic field. A slight change of the geomagnetic parameters, including the equivalent thickness of the magnetized layer, would not significantly change the similar pattern of magnetization distribution. The calculated crustal magnetization is shown in Fig. 1 .
Our results show that relatively high magnetization values are distributed in four zones: zones A, B, C, and D in Fig. 1 . A high magnetization generally reflects the nature of igneous rocks and is not necessarily associated with a basement high. Thus, we may consider that a high magnetization zone corresponds to a zone of relatively rigid crust. Zone A is located to the north of the Peikang High (Fig. 1) . To differentiate it from the Peikang High, we name the high magnetization zone A as the Lukang Magnetization High (LMH). Lukang is a town near the center of zone A. As evidenced by several deep boreholes, the deep portion of the LMH is Paleogene and Miocene intermediate to mafic volcanic rocks that may attain a few hundreds of meters in cumulative thickness and are encased in sedimentary layers (Lin et al. 2003) . These extrusive volcanic rocks and high magnetization in the LMH suggest the existence of deepseated intrusive rocks of intermediate to mafic origin in the crustal level. Zone B is located at the eastern Central Range (Fig. 1) . Although there are no deep igneous rocks reported yet, some mafic igneous bodies are found at the surface of zone B (Ho 1988) . Zone C generally follows the trend of the western edge of the subducted Philippine Sea Plate. Some andesitic volcanoes, such as the Tatun volcanoes, are distributed at the surface (Ho 1998) . This high magnetization zone trending NWN-SES may be related to magmatic activity along the western edge of the Philippine Sea Plate (Lin et al. 2004) . The elongated zone D generally reveals the presence of the N-S trending volcanic Luzon Arc.
EARTHQUAKE DISTRIBUTION, CRUSTAL DEFORMATION, AND MAGNETIZATION
Superposing the earthquake epicenters shallower than 50 km on the magnetization map of Fig. 1 , we can find that most of the crustal earthquakes in Taiwan are distributed in zones of relatively low magnetization (cf. Figs. 2, 3), except for earthquakes associating with the Ryukyu and Manila subduction zones. In contrast, the areas of the LMH and zone B display dramatically fewer earthquakes (Figs. 2, 3 ). These two zones might be traditionally considered "seismic gaps" and might incubate future great earthquakes in an actively colliding zone. We consider that the LMH and zone B are inherently more rigid in crustal strength; accordingly, most brittle deformation and earthquakes may occur in the compressed areas between these two rigid zones. Actually, high magnetization zones, such as the LMH, may not be rigid enough to prevent all kinds of ruptures. This possibility can be ascribed to equivalent magnetization, which is simply an average effect, with, in fact, high magnetization zones being more or less heterogeneous. As igneous rocks are usually intrusive, the deeper part of the crust may exhibit larger strength. As shown in Fig. 1 , the deformation front crosses the LMH and some shallow earthquakes have occurred inside the LMH. Because the deformation front delimits the surface and western boundary of compressive structures, its presence indicates that the uppermost part of the LMH is not so rigid. However, the uppermost crust cannot accumulate large elastic energy in terms of crustal strength. In other words, the crustal strength generally increases as a function of depth. Because of the increasing plate convergence, the compressed area bordering the LMH is vulnerable to rupture because compressive stress can more easily overcome the yield strength here than in the area of the LMH. This is evidenced by the surface rupture along the Chelungpu Fault (Ma et al. 1999; Kao and Chen 2000) which is located just to the east of the LMH (Fig. 2) .
Zone B has a characteristic of low seismicity and high heat flow, while the LMH has low siesmicity and low heat flow (Lee and Cheng 1986; Lin 2000) . This indicates that the low seismicity ("seismic gap") of zone B can not be mainly ascribed to high heat flow that weakens crustal strength. In contrast, the LMH and Zone B both display high magnetization areas, which suggest that low seismicity may be ascribed to higher crustal strength in terms of magnetization. On the other hand, although the Luzon Arc is of igneous origin and belongs to a high magnetization zone, it has produced numerous crustal earthquakes (Figs. 2, 3 ). This suggests that the collision of the Luzon Arc against eastern Taiwan (i.e., the Tananao metamorphosed complex) has made the Luzon Arc internally deformed in a brittle way. This phenomenon is probably because of the younger and hotter nature of the Luzon Arc; therefore, the Luzon Arc could be intrinsically less rigid than zone B in eastern Taiwan.
The most active Taiwan orogeny is found in the central portion (Lo and Hsu 2005) and it is not isostatic (Hsu and Lo 2004) . As shown by the distribution of magnetizations, the low magnetization zone is narrowest in central Taiwan (Fig. 1) . It is also noted that deep crustal earthquakes as deep as 40 km, also cluster in central Taiwan east of the LMH (Figs. 2, 3 ). These phenomena reflect intensive crustal thickening and uplifting in mid-central Taiwan. Here, crustal deformation is in fact not only limited to vertical motion. As evidenced by earthquake focal mechanisms (Rau and Wu 1998; Kao and Chen 2000) , the crust of the low magnetization zone in mid-central Taiwan has shown a tendency to escape sideways (Fig. 4) . This crustal escape may also be ascribed to the weaker crust between the high magnetization zones. As evidenced by the existence of high magnetization zones and the distribution of earthquakes in Taiwan, this suggests that the whole crustal portion (Hsu and Sibuet 1995; Sibuet and Hsu 2004) , or the lithospheric portion (Wu et al. 1997 ) could be involved in Taiwan orogeny.
POTENTIAL GREAT EARTHQUAKES IN TAIWAN
Historically, great earthquakes of magnitude greater than 6 are numerous in and around Taiwan (Fig. 5) . Because of the high crustal strength, the colliding Luzon Arc may accumulate more strain energy before a great earthquake occurs. Besides which, the great earthquakes of Taiwan are surprisingly distributed around the eastern edge of the LMH (Fig. 5) . Based on the relationship between earthquake magnitudes and seismic moments (Wang 1992) , we can calculate the spatial distribution of the released seismic moments for earthquakes shallower than 50 km from 1898 to 2005 (Fig. 6) . The minute-by-minute released seismic moments in each grid are summarized. The results show that the area surrounding the east side of the LMH displays a high concentration of released seismic moments (Fig. 6) . It indicates that the existence of the LMH is strongly related to the occurrence of great earthquakes in Taiwan. If we take into account the northwestward convergence of the Philippine Sea Plate relative to the Eurasian Plate, it seems that great earthquakes in Taiwan mainly occur to the southeast of the LMH, in a trend roughly perpendicular to the direction of plate convergence. The 1999 Chi-Chi earthquake and its aftershocks of magnitude greater than 6 (Figs. 2, 5 ) also fit the above zone. However, the Chi-Chi earthquake sequence seems to have occurred at a seismic gap on the southeast side of the LMH (Fig. 5) . In a collisional mountain belt zone, if we don't consider crustal magnetization distribution, we may regard a high magnetization zone such as LMH a zone of Crustal Magnetization and Earthquakes 447 (Rau and Wu 1998; Kao and Chen 2000) . The strike-slip deformation in low magnetization zones of central Taiwan is interpreted as extrusive tectonics due to convergence of two adjacent high magnetization zones. seismic gap. However, a seismic gap must be an area that is prone to generate great earthquakes but is seismically quiescent. That is, a high magnetization zone must be considered as a relatively rigid zone and earthquakes generally occur in the surrounding low magnetization zone. Examining seismicity in a similar magnetization context may help to identify really seismic gaps.
CONCLUSION
To better understand the earthquake behavior in the Taiwan region, we have compared crustal earthquake characteristics to the equivalent crustal magnetization inverted from magnetic anomalies in and around Taiwan. In the Taiwan region, four relatively high magnetization zones can be identified. The existence of a relatively high magnetization zone called the Lukang Magnetization High (LMH) in midwest Taiwan is suggested to dominate the earthquake occurrence in middle Taiwan. Historically great earthquakes of inland Taiwan are mostly distributed in the southeastern side of the LMH. Another high magnetization zone, zone B, is located in eastern Taiwan. The relatively low magnetization zone in between has been compressed and generates enormous earthquakes. The crust in middle Taiwan has thickened and tended to escape sideway. Compared to zone B or the eastern Central Range, the Luzon Arc is also a high magnetization zone but it is less strong. Continuous plate convergence has caused severe internal deformation and numerous earthquakes along the Luzon Arc. We may conclude that crustal magnetization can be used as a proxy of crustal strength. Thus, crustal magnetization distribution and the locations of seismic gaps are two important factors in signaling the potential great earthquakes in a collision zone, such as the Taiwan orogen. 
